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to floral and inducible plant volatiles. Chemoecology, 13: 143-154
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H. (2002), (-)-Germacrene D increases attraction and oviposition by the tobacco
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Papers are printed with permission from the publishers.
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5ABBREVIATIONS
cAMP –adenosine 3´5´-monophosphate
CNS – central nervous system
DMNT – E-4,8-dimethyl-1,3,7-nonatriene
EAG – electro-antennogram
EOG – electro-olfactogram
GC – gas chromatograph
GC-MS – linked gas chromatography mass spectrometry
GC-SCR – linked gas chromatography single cell recording
IP3 – inositol 1,4,5-trisphosphate
MGC – macroglomerular complex
MPLC – medium pressure liquid chromatography
OBP – odour-binding protein
PBP – pheromone-binding protein
PE – pedunculus extrinsic neurone
PER – proboscis extension reflex
QSAR – quantitative structure-activity relationships
RN – receptor neurone
TMTT - E,E-4,8,12-trimethyl-1,3,7,11-tridecatetraene
VUM – ventral unpaired median
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6 INTRODUCTION
The chemical senses are considered as the phylogenetically oldest of the senses.
Unicellular organisms can orient along gradients of toxic and nutritional chemicals.
More complex organisms have evolved senses based on advanced neural systems for
detection and processing of information about the external chemical stimuli; olfaction
for airborne molecules and taste for molecules dissolved in liquid. In addition, a sense
for noxious molecules in air and liquid is present. Separate sensory organs contain the
receptors that detect the stimuli and mediate the information further to different brain
areas via interneurones. In spite of the interest and fascination about chemical stimuli
throughout the history of human cultures, little knowledge, particularly about the
olfactory mechanisms, has existed until recent years. Whereas visual and auditory
stimuli are well defined by one feature (the wavelength), a chemical stimulus has
several interactive features that make it difficult to screen for a continuum of important
molecular characteristics. Thus, the problem is to find the biologically relevant odorants
among the hundreds of known and unknown compounds surrounding the organisms.
The identification of relevant odorants for olfactory receptor neurones (RNs) has not
become less important in the recent years of olfactory research. The impressive
development in molecular biological studies has resulted in the identification of
numerous genes in various species coding for olfactory receptor proteins. At present,
one key question is which odorants the receptor proteins are specified for. This question
can only be answered by physiological studies.
The olfactory system
The anatomy of the olfactory system is well known in many species. Although the
location of the olfactory epithelia in vertebrates (upper nasal cavity) is very different
from the location in insects (in sensilla on the antennae), the principal anatomy of the
two systems is strikingly similar (reviewed by Steinbrecht 1992, Hildebrand and
Shepherd 1997). The ciliar parts of the primary sensory neurones, containing the
receptor proteins, are embedded in a protein-rich lymph. The axons of the RNs project
directly to the primary olfactory centre of the brain, the olfactory lobe in vertebrates and
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7the antennal lobe in insects. In these centres, the primary axon terminals synapse with
the second order of neurones in the typical spherical glomeruli (Hanström 1928, Boeckh
et al. 1990, Leise 1990, Boeckh and Tolbert 1993) that seem to be conserved in number
and location between individuals of the same species (Allison 1952, Meisami 1991,
Rospars 1988). There are two separate olfactory systems, one for species-specific
chemical signals, e.g. pheromones, and one for other odorants, e.g. food odours. The
easily accessible olfactory system in insects and its similarity with the vertebrate
olfactory system makes insects suitable model organisms for studying the mechanisms
of olfaction.
Olfactory sensilla, perireceptor and transduction events
The olfactory organs, olfactory sensilla, in insects are usually located on the antenna.
Many lepidopteran species have sexually dimorphic sensilla. For instance, the sensilla
trichodea type I in heliothine moths, containing the pheromone RNs, are only present in
male antennae, whereas s. trichodea type II and s. basiconica are present in both sexes
and mediate plant odour information (Almaas and Mustaparta 1990, Almaas and
Mustaparta 1991, Koh et al. 1995). In addition, s. trichodea type II also mediates
pheromone information in males (Almaas and Mustaparta 1991). The different sensilla
types are classified according to internal and external anatomy (Schneider 1964, Ernst
1969, Schneider and Steinbrecht 1968, Keil 1984, Steinbrecht 1992, Keil et al. 2001).
The outer structures are often hair formed, with cuticle walls perforated by pores
allowing hydrophobic volatiles to enter the sensilla (Ernst 1972). The internal cavity of
the sensilla is filled with the receptor lymph, which constitutes a hydrophilic barrier for
the odorants. The lymph surrounds the dendrites of the olfactory neurones, which
possess the membrane spanned receptor proteins. Odorant-binding proteins (OBPs),
present in the receptor lymph, show selective binding to some odorants and are
suggested to function both as a filter and as a carrier, transporting the odorants through
the lymph to the receptor proteins (Prestwich et al. 1995, Steinbrecht 1998). These
suggested functions are supported and further enlightened by recent experiments which
show that pheromone-binding proteins (PBPs) in moths bind to several molecules, but
conformational changes only occur in interaction with the specific pheromone
(Campanacci et al. 2001, Bette et al. 2002, Mohl et al. 2002). The OBPs might also
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8contribute to the inactivation of the odorant, as discussed by Kaissling (reviewed in
1998). The identification of OBPs in insects started out from antennal homogenates of
the giant silkmoth Antheraea polyphemus (Vogt and Riddiford 1981). Afterwards
OBPs, mainly PBPs, have been identified in several insect species (reviewed by Vogt et
al. 1999). The number of OBP types identified in each species has remained small until
recent studies of the fruitfly Drosophila melanogaster genome revealed 39 genes coding
for putative OBPs (Shanbhag et al. 2001). This indicates the presence of several non-
pheromonal OBPs binding host odorants.
The olfactory neurones are activated by the binding of the odorants or the
complex odorant-OBPs to the membrane receptors. By activation, an intracellular G-
protein coupled cascade reaction is induced, which produces the second messenger
inositol 1,4,5-trisphosphate (IP3) or adenosine 3´,5´-monophosphate (cAMP) (reviewed
by Breer et al. 1990b, Paysan and Breer 2001, Krieger and Breer 1999). Evidence for
the IP3 pathway in insect olfactory RNs is based on biochemical and
electrophysiological experiments. The rapid increase of the concentration of IP3 upon
stimulation with pheromones occurs within the time of the receptor potential (Breer et
al. 1990a). Furthermore, the transduction depends on the presence of G-proteins, which
are identified in insect antennae (Breer et al. 1990a, Laue et al. 1997), and on the
opening of cation channels by IP3, which is demonstrated in insect olfactory neurones
(Stengl 1994, Wegener et al. 1997). The cAMP pathway may also be important in
insects (Krieger and Breer 1999). This is indicated by the expression of cAMP sensitive
channels in the antennae (Baumann et al. 1994, Krieger et al. 1999). It is suggested that
this pathway is required for information about a subset of odorants (Dubin et al. 1998).
Expression of receptor proteins in single neurones and the principle of
convergence in the antennal lobe
The first identification of a multigene family that might encode odorant receptor
proteins was made in the rat by Buck and Axel (1991). This extremely large and
divergent gene family was expressed exclusively in the olfactory tissue. The genes were
further characterised by a central domain encoding seven transmembrane regions,
known to be a typical feature of G-protein coupled receptors. Since then, putative genes
for receptor proteins have been identified in many species of vertebrates and
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9invertebrates, e.g. 1000 types in the mouse and 61 in the fruitfly (reviewed by
Mombaerts 1999, Keller and Vosshall 2003). Functional evidence is obtained for four
olfactory receptor genes, one in the human (Wetzel et al. 1999), one in the rat (Zhao et
al. 1998), one in the mouse (Touhara et al. 1999) and one in the fruitfly (Störtkuhl and
Kettler 2001, Wetzel et al. 2001). The total number of gene types tested for expression
is small, but so far, little co-expression of different receptor types has appeared in the
neurones. Two exceptions are found; one type present in all olfactory RNs of the fruitfly
is believed to possess a non-olfactory function (Keller and Vosshall 2003), and co-
expression of the two olfactory receptor mRNA is found in a subset of olfactory RNs in
rats (Rawson et al. 2000). Thus, the current held belief is that a single olfactory receptor
gene type is expressed in each olfactory neurone. An exception is in the soil nematode
Caenorhabditis elegans, which on average express 20 gene types coding for receptor
proteins in each of the 32 chemosensory neurones (Troemel et al. 1995, 1997, reviewed
by Bargmann 1998).
Olfactory RNs expressing one type of receptor proteins are in most insect
species distributed over the whole antennae (i.a. Almaas and Mustaparta 1990), and in
vertebrates over one of the four zones of the olfactory epithelium (Ma and Shepherd
2000, reviewed by Mombaerts 1999). Still the widely distributed neurones of the same
type converge onto one or a few glomeruli, as shown both in vertebrates and
invertebrates (Ressler et al. 1994, Vassar et al. 1994, Mombaerts et al. 1996, Gao et al.
2000, Vosshall et al. 2000). The ratio of convergence in insects is about 100-1000:1 and
in vertebrates 25.000:1 (in rabbits) (Rospars 1988, Allison 1952). Staining of active
insect pheromone RNs of specific types, supports the convergence principle (Berg et al.
1998, Berg 1998). However, exceptions from this rule have also been reported (Hansson
et al. 1988, Anton and Hansson 1999). The organised convergence in insects starts
before the axons grow into the antennal lobe, as an interaction between the single fibres
and the glia cells, which is shown at the late metamorphic stage in the development of
the antennal lobe (Rössler et al. 1999).
Encoding of odour information in receptor neurones
A rough overview of odorants eliciting electrical responses across the olfactory epithelia
can be obtained by recordings of electro-antennogram (EAG) in insects and electro-
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olfactogram in vertebrates (EOG) (Schneider 1955, Ottoson 1956, 1971). To determine
which of the odorants activate a single olfactory RN (the molecular receptive range of
the neurone), responses to the odorants are recorded from single cells by placing a glass
capillary or tungsten microelectrode into the base of one sensillum hair (Schneider
1957a,b, Boeckh 1962), or a glass capillary microelectrode over a cut hair (“tip-
recording”) (Kaissling 1974). Trying to characterise the RNs in respect to specificity,
one faces two major problems. The naturally produced odorants exist in blends of
volatiles, and commercially available compounds are rarely 100% pure. It is important
to use highly pure compounds for stimulation; otherwise the response of the RNs might
be caused by the impurities in the samples tested. Obviously, testing naturally produced
volatiles by direct stimulation does not show which of the constituents are active. A
fruitful method is the linkage of high resolution gas chromatography to single cell
recordings (GC-SCR), first carried out in pheromone analysis by Wadhams (1982), and
later for analysing plant odorants (Tømmerås and Mustaparta 1989, Blight et al. 1995,
Wibe and Mustaparta 1996). With this method, constituents of a mixture of volatiles can
be presented to the RNs separately.
Early studies of olfactory RNs, carried out by testing commercially available
compounds, has resulted in different principles on how odour information is encoded.
Based on these studies, Vareschi (1971) defined two gross categories of RNs. One
category was called “odour specialists”, where neurones are highly specialised for one
compound and show the same specificity, i.e. the same dose-response relationships. The
other category was termed “odour generalists”, i.e. RNs responding to many compounds
and showing significantly different and overlapping “reaction spectra” (molecular
receptive range). The pheromone RNs fulfil the requirement of “odour specialists” (i.a.
reviewed by Schneider 1969, 1992, Hansson 1995, Mustaparta 1996), also according to
another definition that demands a “biological importance (relevance)” of the odorant
(Schneider and Steinbrecht 1968, Kaissling 1974). In the early studies, the plant odour
RNs were categorised as “odour generalists”, but showed different sub-divisions in
various species, including some narrowly tuned neurones (reviewed by Masson and
Mustaparta 1990). The question about biological relevance of the plant odorants came
more into focus by testing naturally produced odours and trying to isolate the active
compounds. The possibility that key compounds exist for different food types was ruled
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out in studies of the cockroach Periplaneta americana (Sass 1978, Selzer 1981). Here,
stimulation with fractions of lemon oil revealed seven RN types responding to different
fractions. The major component limonene, did not elicit responses in any of the RNs.
Recent evidence for plant odour RNs being as sensitive and selective as pheromone
RNs as well as RNs responding to several compound classes, is taken from studies
using direct stimulation (Dickens 1990, Hansson et al. 1999, Jönsson and Anderson
1999, Larsson et al. 2001, Shields and Hildebrand 2001) and particularly from studies
employing GC-SCR (Wibe and Mustaparta 1996, Røstelien et al. 2000a,b, Stensmyr et
al. 2001, 2003, Barata et al. 2002, Bichão et al. 2003). The latter studies exclude
responses to the numerous inactive plant constituents and frequently show strongest
responses to minor components. This stresses the importance of using GC-SCR for
identifying plant odorants.
Based on the specificity of the studied RNs, two principles have emerged on
how the odour information is mediated from the periphery to the central nervous system
(CNS). One principle called “labelled line”, is used in chemical senses to express that
information about one compound is mediated to the brain by one type of RNs, i.e. it
involves no overlap of molecular receptive ranges between different RN types
(Shepherd 1984). The other extreme principle called “across-fibre pattern mechanism”,
means that information about one compound is mediated by different RN types, i.e.
with overlap of molecular receptive ranges and different sensitivity to the compound
(Gesteland et al. 1965). The mediation of pheromone information from the periphery to
the antennal lobe in insects seems to follow the principle of “labelled line”.
Furthermore, the RNs belonging to each type project into one of the male specific
glomeruli (Berg et al. 1998, Berg 1998, Galizia et al. 2000b), constituting the macro-
glomerular complex (MGC) that receives information about insect produced signals
(Boeckh and Boeckh 1979, reviewed by Boeckh and Tolbert 1993). Information about
food and host odours is commonly believed to be mediated by the more complex
mechanism of “across-fibre pattern” (reviewed by Lemon and Getz 1999), in spite of
the fact that narrowly tuned RNs are found. Projections by functional types of RNs in
the numerous ”ordinary” glomeruli remain to be determined. However, optical
recordings have shown glomerular maps of odour qualities that are conserved between
individuals (reviewed by Galizia and Menzel 2001).
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Olfactory coding and olfactory learning
The antennal lobe has two major groups of neurones, the local inter-neurones and the
projection neurones forming a network with the synaptic terminals of the RNs
(reviewed by Chapman 1998, Anton and Homberg 1999). The GABAergic local inter-
neurones innervating many glomeruli, are thought to mediate important inhibition in the
antennal lobe, e.g. to increase the contrasts between activated and non-activated
glomeruli (Homberg et al. 1989, Joerges et al. 1997, Galizia et al. 2000a, Sachse and
Galizia 2002) and inhibit activation between odour pulses of pheromones (Christensen
et al. 1993). The projection neurones conduct the information to higher brain centres,
the mushroom bodies and the lateral protocerebrum. The mushroom bodies are shown
to play a significant role in learning and memory of odours (reviewed by Menzel 1999,
De Belle and Kanzaki 1999, Heisenberg 2003), while the lateral protocerebrum is a
premotoric area, from which descending neurones make synapses with motor neurones
in the suboesophageal ganglion and the thoracic ganglia (Strausfeld 1976).
A challenging question in odour information processing concerns how olfactory
information is coded spatially and temporally, leading to odour discrimination. Since
each glomerulus seems to receive information from one type of RNs, the next question
is whether there is a correspondence between the input and the output of the glomeruli
in the antennal lobe. This is found for the MGC of H. virescens, by intracellular
recordings of antennal lobe neurones (Christensen et al. 1995, Vickers et al. 1998, Berg
et al. 1998, Berg 1998). It means that projection neurones responding to antennal
stimulation with an odorant have at least one dendrite branch in the glomerular unit
receiving the information. However, in another species a mismatch between input and
output information is shown in the antennal lobe (Hansson et al. 1994, Anton and
Hansson 1999). More data on different species are needed in order to draw general
conclusions about this principle. Intra- and extracellular recordings and multi-unit
recordings of projection neurones have shown that different blends of plant volatiles
activate different sub-populations of projection neurones, indicating a spatial
representation of odour qualities (Laurent and Davidowitz 1994, Laurent et al. 1996,
Christensen et al. 2000). In the locust and the honeybee (Apis mellifera), each projection
neurone shows an odorant specific slow temporal pattern (Laurent et al. 1996). In
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addition, a fast temporal pattern is recorded as local field potential oscillation cycles,
ascribed to activation of different projection neurone populations. The oscillations,
caused by the GABAergic local interneurones, are shown to be important for
discrimination of structural similar odorants in the honeybee (Stopfer et al. 1997). It is
speculated whether the observed oscillatory synchronisations may provide coding
strategies for odour concentration and odour quality (reviewed by Stopfer et al. 1999,
Laurent 1999, 2002, Galizia and Menzel 2000). Another study of projection neurones in
a moth species, using stimulation with brief pheromone pulses, revealed a temporal
pattern of synchronous activity that was dependent on odour intensity and intermittency
(Christensen et al. 2000). However, the temporal pattern was not found to be oscillatory
or odour specific. Whether these differences can be ascribed to different coding
principles in different insect species or in different olfactory systems (general odorants
versus pheromones) remains to be clarified.
An important aspect of olfaction is learning of odours. In order to recognise an
odour, both neuronal detection and memory of the odour are necessary. An interesting
question is - What are the neural mechanisms underlying learning and memory of
odours? The importance of the mushroom bodies in olfactory learning and memory is
well described in the honeybee by classical conditioning experiments using appetitive
learning (reviewed by Menzel 1999, Müller 2002). The conditioned stimulus (odour) is
associated with the unconditioned stimulus (sucrose stimuli and reward) that elicits the
proboscis extension reflex (PER). One neurone, an octopaminergic ventral unpaired
median neurone (VUMmx1), is shown to mediate information between the olfactory
and the taste pathway in the learning process (Hammer 1993). Another neurone
projecting from the mushroom bodies to the lateral protocerebrum, the pedunculus
extrinsic neurone (PE1), is shown to change the responses after learning experiments
(Mauelshagen 1993). The cellular and molecular mechanisms are enlightened by
biochemical studies in the honeybee and by molecular biological studies of the fruitfly
(reviewed by Menzel 1999, Heisenberg 2003). Appetitive learning of olfactory
information is also shown in lepidopteran species, including heliothine moths (Hartlieb
1996, Fan et al. 1997, Daly and Smith 2000, Daly et al. 2001a,b).
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The nature of plant odorants
The large number of diverse compounds produced by plant species is well known from
research in natural product chemistry as well as in chemical ecology. Plant compounds
are built from products of the photosynthesis in diverse biosynthetic routes catalyzed by
various enzymes. The compounds essential for growth and development of the plant are
called primary metabolites, and others secondary metabolites (Hartmann 1996). The
same compound may have both a primary and a secondary role. Secondary metabolites
were first described as by-products of the plant metabolism by Sachs in 1873, and were
traditionally considered as metabolic wastes and detoxification products (Haslam 1986,
Luckner 1990). Today these compounds are classified as an essential part of the plant
biochemical equipment to cope with the environment (Fraenkel 1959, Hartmann 1996,
Pickett et al. 1999). Ehrlich and Raven (1964) were among the first to suggest that
secondary metabolites evolved in a co-evolutionary arms race of plant defences against
herbivory and herbivore animal responses. The plants produce and accumulate toxins,
which is followed by a reciprocal response in the insect to detoxify or excrete the
toxins. Being toxic also to the plant themselves, the secondary metabolites are often
produced as pro-toxins (i.e. enzymatically ignited upon attack), constitutively
accumulated in special organs (e.g. vacuoles, glandular trichomes) or induced (i.e.
produced in response to attack) (Hartmann 1985).
The blend of volatiles produced by a plant is a complex mixture, often consisting
of hundreds of compounds. The blends can be collected by various methods of
distillation, headspace collection and extraction (reviewed by Silverstein and Rodin
1966, Agelopoulos and Pickett 1998, Millar and Sir 1998). The trapped volatiles are
analysed by separation in a gas chromatograph, and the compounds are identified by
mass spectrometry, followed by confirmation with authentic materials. Continually
more plant constituents present in nature are identified, due to more sensitive analytical
methods employed. Plant volatiles belong to many different chemical groups like short
chain alcohols, aldehydes, ketones, esters, aromatic phenoles and lactones as well as
mono- and sesquiterpenes (reviewed by Gibbs 1974, Smith 1976, Bernays and
Chapman 1994, Ohloff 1994, Schoonhoven et al. 1998). Some compounds are mainly
found in restricted plant taxa, like the isothiocyanates in Brassicacea (reviewed by Kjær
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1976, Fahey et al. 2001). Others are commonly occurring, like the “green leaf volatiles”
(mainly six-carbon alcohols and aldehydes) that are products of the lipid metabolism in
green leaves (Visser and Avé 1978, Hatanaka 1993). Flower fragrances, constituting
hundreds of compounds, may include different molecules than those of the vegetative
plant parts (reviewed by Dudareva and Pichersky 2000). The quantity and quality of the
volatile blends released by plants are affected by both biotic and abiotic factors (i.a.
Paré and Tumlinson 1999, Gouinguené and Turlings 2002).
Most of the plant constituents are produced via a few basic biogenetic routes,
leading to one or a few key-metabolites, from which numerous derivatives are formed,
usually by simple enzymatic transformations (Hartmann 1996). For instance, geranyl
diphosphate is the unique precursor of all monoterpenes and farnesyl diphosphate of all
sesquiterpenes (reviewed by Dewick 1999, Rohmer 1999). The production of
compounds is often temporally and spatially restricted in the plants by the expression of
genes coding for the enzymes, as shown for de novo biosynthesis of floral volatiles
(Dudareva and Pichersky 2000). Furthermore, the enzymes can be enantiospecific,
producing only one of the two enantiomers of a molecule (Schmidt et al. 1998, 1999,
reviewed by Ohloff 1994).
Heliothine moths
Plant produced volatiles are important cues for the herbivorous insects, including
heliothine moths, in the location of their hosts for feeding and oviposition (Rembold
and Tober 1985, Tingle et al. 1990, Mitchell et al. 1991, Tingle and Mitchell 1992). The
emitted plant volatiles are transported by turbulent air that breaks the signal up into
discrete packages with increasing distance from the source (Murlis 1986). Females
searching for host-plants fly upwind by detection of attractants present in the air plume,
i.e. showing positive anemotaxis toward the odour source (Tingle et al. 1990, Mitchell
et al. 1991, Tingle and Mitchell 1992). After making contact with a plant, acceptance or
rejection of the plant is made also on the basis of information mediated by other senses;
taste and mechano-sensation (reviewed by Bernays and Chapman 1994, Schoonhoven et
al. 1998). Experience of a host plant visit seems to affect later choices of host plants in
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female heliothine moths (Firempong and Zalucki 1991). It was shown that experience
with a host plant significantly increased the probability of selecting that plant species
for subsequent oviposition and feeding (Cunningham et al. 1998a,b). Thus, it is
speculated whether learning is involved in the mechanisms of host plant selection
(Cunningham et al. 1999).
The subfamily Heliothinae (Insecta; Lepidoptera; Noctuidae) consists of more
than 80 different species, of which several are considered as world-wide major pests on
crops, like the American tobacco budworm moth Heliothis virescens (Fabricius) and the
cotton bollworm moth Helicoverpa armigera (Hübner) (Todd 1978). H. virescens, is
distributed over the American continent and uses as principal hosts, i.a. plants of
tobacco, cotton, tomato, sunflower and soybean (Fitt 1989, Matthews 1991). H.
armigera, geographically separated from H. virescens, is distributed over South Europe,
Asia, Australia, Africa and Eastern Pacific. As a principal host, this species uses plants
of i.a. maize, sorghum, sunflower, cotton, tobacco, soybean, pulses (chick pea, pigeon
pea), safflower, rapeseed and groundnuts (Fitt 1989, Matthews 1991). H. armigera has
been found on at least 60 cultivated and 67 wild host plants in 39 families (reviewed by
Reed and Pawar 1982, Zalucki et al. 1986). The major pest status of the two heliothine
species are explained by their high polyphagy, mobility, fecundity and the ability to
have facultative diapauses, in addition to the ability to resist different pesticides (Fitt
1989). The Oriental tobacco budworm Helicoverpa assulta (Guenée), partly sympatric
with H. armigera, is distributed over Asia. This species, considered oligophagous, has a
relatively narrow host plant range, mainly feeding on plant species of Solanacea such as
tobacco, tomato, hot pepper and several Physalis species (Hill 1983, Matthews 1991,
Park 1991).
Olfaction in heliothine moths has been studied in several species, particularly as
it concerns pheromone communication. Chemical analyses combined with behavioural
studies have revealed which compounds and ratios of them act in intra- as well as
interspecific communication (i.a. Kehat et al. 1980, Vetter and Baker 1983, Kehat and
Dunkelblum 1990, Cork et al. 1992, Boo et al. 1995, Vickers and Baker 1997). The
detection of these chemical signals by the RN as well as the processing of the
information in the antennal lobe has been studied (reviewed by Mustaparta 2002).
However, the knowledge of encoding and processing of other odorants have been scarce
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in heliothine moths as well as in other organisms. Until recent GC-SCR studies by
Røstelien et al. (2000a,b), little knowledge has existed about plant odorants in heliothine
moths. The objectives of the present thesis were to identify important plant odorants
detected by females of the three species, H. virescens, H. armigera and H. assulta, and
to determine how the information is encoded in the RNs.
AIMS OF THE THESIS
The aims of the thesis were:
1. To identify naturally produced plant volatiles that are detected by receptor neurones
in females of the heliothine moths Heliothis virescens, Helicoverpa armigera and
Helicoverpa assulta (Paper I, II, III).
2. To determine the molecular receptive range and sensitivity (specificity) of the plant
odour receptor neurones (Paper I, II, III).
3. To compare the specificity for functional classification of the plant odour receptor
neurones within and between the three related heliothine species (Paper II, III).
4. To explore the possibility of staining plant odour receptor neurones for determining
the projection pattern in glomeruli in the antennal lobe (Paper II, III).
5. To assess the biological importance of one odorant activating a major type of plant
odour receptor neurones in females of one species (Heliothis virescens) (Paper IV).
SURVEY OF THE INDIVIDUAL PAPERS
In the papers forming the basis of this thesis, efforts have been made to elucidate the
five aims given above. Five RN types have been studied in three related heliothine
species, concerning specificity. Preliminary data on the projection of plant odour
receptor neurones is obtained. For one important odorant, the behaviourally significance
is revealed.
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Paper I
Paper I was based on the findings by Røstelien et al. (2000a) that H. virescens females
have one major type of plant odour RNs responding to the sesquiterpene germacrene D.
By electrophysiological recordings linked to gas chromatography, single RNs in
females of the related species H. armigera were found to respond with high sensitivity
and selectivity to germacrene D. Germacrene D was present as a constituent in
headspace or in extracts of different plant species, in fractions isolated from essential oil
by medium pressure liquid chromatography (MPLC) or in reference samples (provided
by Prof. W. A. König). Since germacrene D consists of two enantiomers, the aim was to
determine whether these neurones responded selectively to one enantiomer or to both.
Optical enantiomers in general and those of germacrene D in particular are difficult to
obtain as 100% optically pure compounds. Therefore, this study was performed by the
use of a chiral GC-column (provided by Prof. W. A. König), which could separate the
germacrene D enantiomers. By installing this column in parallel with a non-chiral
column in the GC, the RNs could be tested for mixtures and fraction of plant volatiles
via both columns. When germacrene D was injected into the chiral column, the two
enantiomers were well separated; (+)-germacrene D eluted before (-)-germacrene D.
The results obtained indicated that all germacrene D RNs belonged to the same type; i.e.
all responded to both enantiomers, but (-)-germacrene D had about 10 times stronger
effect than the (+)-enantiomer. Parallel dose-response curves for the two enantiomers
were obtained by direct stimulations. The enantiomeric composition of germacrene D,
determined on the basis of the neurone responses, was found to differ in six plant
species and in different individuals of one species. The results, showing the presence of
only one neurone type for receiving the information about germacrene D in the various
plants, suggest that the two enantiomers mediate the same kind of information to the
moth brain, but with different intensity.
Paper II
The aim of the study in paper II was to find out whether RNs responding to germacrene
D might be present in more of the heliothine species, and whether RNs responding to
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the same compounds exploit the same specificity, i.e. whether they show similar
structure-activity relationships. Females of the three related species H. virescens, H.
armigera and H. assulta were studied. The presence of germacrene D RNs was shown
in H. virescens by Røstelien et al. (2000a) and in H. armigera in paper I. In paper II,
germacrene D RNs were also identified in H. assulta. In addition, structure-activity data
of the germacrene D RN type was revealed in the three species. Altogether 69 recorded
RNs were classified, based on 436 GC-SCR using five different column types, and
included up to 37 recordings from the single neurones.
The RNs in the three species showed similar ranking of responses to the nine
active sesquiterpenes. (-)-Germacrene D was about 10 times more effective than the (+)-
enantiomer, being again 10 times more effective than (-)-α-ylangene. Weaker effects
were obtained for (+)-α-copaene, one unidentified sesquiterpene (no. 3), (+)-β-
ylangene, β-copaene and both enantiomers of one unidentified sesquiterpene (no. 6). All
active compounds were structurally similar to (-)-germacrene D. Comparing the
structures of the active molecules, shows that the important properties of (-)-germacrene
D are the flexibility of the ten-membered ring system and the three double bonds acting
as electron rich centres, as well as the direction of the isopropyl group. The narrowly
tuning of the RNs was demonstrated by the lack of activity of related sesquiterpenes,
like (+)-α-ylangene and (-)-α-copaene.
Paper II also shows the presence of germacrene D in various plant species, i.e. in
about half of the tested samples of 30 plant species (hosts and non-hosts) presented as
headspace samples, essential oils and extracts. The “secondary” active compounds were
only present in a few plant samples. The active compounds were isolated from essential
oils by MPLC for stimulation of the RNs and for identification by GC-MS.
In trying to explore the projection of the germacrene D RNs in the antennal lobe,
stain was applied to the base of the sensillum from which the recordings of the
germacrene D RNs were made. Out of seven experiments, one successful staining of a
RN in H. assulta was obtained, showing four selectively stained axon terminals in the
antennal lobe. Three of them were located close to the antennal lobe (one filling a larger
volume than the others), and the fourth was located in the ventro-medial part of the
lobe.
URN:NBN:no-6414
20
Paper III
The presence of the functionally similar germacrene D RNs in all three heliothine
species raised the question whether these species also possess other types of
functionally similar plant odour RN types. In H. virescens females, Røstelien et al.
(2000b) identified four RN types that were co-located in the same sensilla, three of them
responding to the inducible compounds E-β-ocimene, E,E-α-farnesene and E,E-4,8,12-
trimethyl-1,3,7,11-tridecatetraene (TMTT), respectively. In the study reported in paper
III, the three RN types were also found in females of H. armigera and H. assulta.
Additional data on the molecular receptive ranges of the three RN types in all three
species were provided. The compounds activating the fourth co-located RN type were
also identified in the three species, of which the flower volatile geraniol was found to be
most effective. Structure-activity relationships of all four co-located RN types were
worked out by the identification of the active compounds in the plant material of 19
plant species tested. The identifications were proved by retesting the authentic
compounds that were commercially available. Fifty-two RNs were recorded, and the
classification was based on 135 GC-SCR, which included up to 38 recordings from the
single neurones.
The compounds activating each RN type were structurally similar. The RN type
I was activated by the monoterpenes, E-β-ocimene, β-myrcene, Z-β-ocimene, E-4,8-
dimethyl-1,3,7-nonatriene [DMNT] and dihydromyrcene, the RN type II was activated
by the sesquiterpenes, E,E-α-, Z,E-α- and E-β-farnesene, the RN type III was activated
by the homo-sesquiterpene TMTT and the RN type IV was activated by the
monoterpene alcohols, geraniol, citronellol, (S)-(+)- and (R)-(-)-linalool and one
unidentified compound. The narrowly tuning of the RNs to the few compounds was
demonstrated by the presence in the plant samples of many structurally similar
compounds that were inactive. The four co-located RN types in the three insect species
showed the same relative response strength to the active odorants.
In trying to explore the projection of the four co-located RNs in the antennal
lobe, stain was applied to the base of the sensillum from which the recordings of the
RNs were made. Out of three experiments, one successful staining of the four co-
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located RNs in H. assulta was obtained, showing four selectively stained axons in the
antennae and four axon terminals in the antennal lobe. Three of them were located in
different areas close to the antennal nerve, and the fourth was located in the ventro-
medial part of the lobe.
Paper IV
The presence of the numerous germacrene D RNs on the antennae of females of H.
virescens (Røstelien et al. 2000a, paper II), raised the question about the biological
significance of this plant odorant. A two-choice wind-tunnel was designed to study the
preference of mated H. virescens females for host plants with (-)-germacrene D
dispensers versus plants with control dispensers. (-)-Germacrene D (purity > 99.2%,
enantiomeric purity > 99.9%), isolated from the essential oil of ylang-ylang (Cananga
odorata) by MPLC, was used in the behavioural tests. The tobacco plants used in these
experiments belonged to a strain that contained no germacrene D, as shown by
electrophysiological experiments. Plants with dispensers having low release rates of (-)-
germacrene D had a greater attractiveness to the moths than tobacco plants with control
dispensers. Oviposition was observed on the plants with (-)-germacrene D, and a
significantly larger number of eggs was found on these plants.
DISCUSSION
Encoding of plant odour information in receptor neurones
The results obtained in paper I-III contribute to the understanding of the encoding of
plant odour information in herbivorous insects. By the use of GC-SCR with the
different GC-columns, it has been possible to identify which of the numerous plant
volatiles are detected by the RNs in heliothine moths and to compare the responses
within and between species. The results have shown a clear classification of the RNs in
different types, each type showing a strong response to one compound and weaker
responses to a few others of related structures. Since the identification is made on the
basis of screening naturally produced volatiles, in principle of whole plant blends, the
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active compounds are probably biologically relevant, i.e. odorants for which the RNs
are evolved. This view is further strengthened by the consistent responses to the same
components present in many of the plant species, and by the responses to the same
compounds in the three related heliothine moths. The five types of RNs presented here
constitute 91% of all olfactory RNs that were recorded. The high probability of
obtaining the five RN types in stable recordings made us focus on identifying all
odorants activating these RNs for determining the structure-activity relationships. In
respect to the principles on how olfactory information is encoded in the RNs, the
following data are important. The five RN types have narrow molecular ranges with no
overlap between them, and they are as sensitive to one of the compounds as the
pheromone RNs are for their key stimuli. This indicates that the information about these
plant odorants is mediated to the brain according to the principle of “labelled-lines”
rather than of “across fibre patterns”. It means that the code to the brain of a blend
quality of these odorants is the ratio of activity in the five RN types.
Narrowly tuned receptor neurones
The present results of narrowly tuned RNs in heliothine moths (Paper I-III) are in
agreement with results from studies of other insect species obtained by the use of GC-
SCR (Wibe and Mustaparta 1996, Stensmyr et al. 2001, 2003, Barata et al. 2002,
Bichão et al. 2003). The large number of plant olfactory RNs recorded from various
insect species have shown narrow tuning with only limited overlap of molecular
receptive ranges within chemical groups, and no overlap between different chemical
groups. These data, based on GC-SCR, are more reliable than testing synthetic
chemicals, since the pre-selection of the test compounds has already ignored a number
of possible active odorants. Furthermore, at high concentration, one may obtain
responses of the neurones without knowing what the key stimulus is. Many narrowly
tuned neurones, e.g. pheromone receptor neurones, respond additionally to high
concentrations of other compounds (Hansson et al. 1988). The narrow tuning of plant
olfactory RNs found by GC-SCR (Paper I-III), correlates well with the results obtained
in molecular biological studies, showing that one neurone expresses a single type of the
identified olfactory receptor proteins (Keller and Vosshall 2003). Interaction with a
URN:NBN:no-6414
23
single type of receptor proteins seems more likely in neurones responding to a narrow
set of related chemicals than in neurons responding to many compounds of different
chemical groups. The possibility still exists in other organisms that some RNs are
broadly tuned, and may perhaps have receptors interfering with certain parts of very
different odour molecules (reviewed by Korsching 2002). However, data in the present
study, showing reduced or no activity by small changes of the key molecule indicates
the importance of the whole molecular structure for providing interaction of certain
groups with the receptor protein. Since we do not yet know the molecular features of the
receptor proteins, the binding characteristics between the odorant and the receptor
protein can not be proposed yet. However, the identification of genes coding for
olfactory receptor proteins on the antennae of H. virescens, is in progress (Krieger et al.
2002). With more olfactory genes identified in heliothine moths and olfactory receptor
proteins sequenced and characterised by crystallography, it will be interesting to study
the binding that might take place between the receptor protein and the odorants
identified and presented in this thesis. Furthermore, the recent identification and cloning
of an OBP expressed in male (sensilla basiconica) and female (s. basiconica and s.
trichodea) H. armigera (Wang et al. 2003), is promising for studying the binding of the
odorants to the OBPs.
In physiological studies of vertebrate olfactory RNs, direct stimulation with a
few selected commercial compounds is still common. The traditional view has been that
RNs are activated by several structurally divergent molecules (i.a. Malnic et al. 1999,
Duchamp-Viret et al. 1999, 2000, reviewed by Buck 2000). One may ask whether the
biological key stimulus of the olfactory RNs is present among the odorants, and whether
the stimuli are presented in physiological concentrations. Despite the pre-selection of
stimuli, recent studies have revealed more narrowly tuned olfactory receptors. One
example is the rat olfactory receptor (OR-I7), tested for 74 related and unrelated volatile
compounds, which responded best to octanal, and weaker to heptanal and nonanal (Zhao
et al. 1998). It is further shown that a difference in only one amino acid between a rat
and a mouse olfactory receptor protein, change the highest affinity from octanal to
heptanal, respectively (Krautwurst et al. 1998). Another study has revealed olfactory
RNs with narrow tuning in general, but with overlapping molecular receptive range
(Kajiya et al. 2001). The general view in vertebrates is still that the olfactory system
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uses a combinatorial receptor coding scheme to encode odour identities (reviewed by
Buck 2000, Korsching 2002). Obviously one expects to find broadly tuned human
olfactory RNs when comparing the number of chemical stimuli humans are able to
discriminate (>10 000) with the smaller number (347) of candidate functional olfactory
receptor genes for the detection of odorants (Glusman et al. 2001, Zozulya et al. 2001).
Molecular features of the odorants
Although the receptor proteins have only recently been known, the interest for
important molecular features of odorants has been shown in many studies of structure-
activity relationships (i.a. Klopping 1971, Beets 1978, Ohloff 1986, Turin 1996). The
structures of the odorants identified in this thesis show some significant features for
stimulation of the five RN types. One important feature is the enantiomeric
configuration, here shown for germacrene D (Paper I, II). The interest for optical
isomers has a long tradition in olfaction, not least since Wright (1977) proposed the
hypothesis of Dyson (1938) that the interaction between the odorant and the receptors
were dependent on intra-molecular vibrations (IR-spectra) of the odorant. The olfactory
discrimination of optical isomers can not be explained by this hypothesis. Optical
isomers, existing as mirror image molecules, have otherwise identical chemical
properties, including IR-spectra. The discrimination of (+)- and (-)-carvone in humans is
well known (Friedman and Miller 1971). However, we do not yet know how these
enantiomers are discriminated by the receptors. The first studies, showing how
information about enantiomers was received by olfactory RNs, were in bark beetles
(Mustaparta et al. 1980) and in two moth species (Hansen et al. 1983), showing that a
selective type of RNs had evolved for each of the enantiomers of pheromone
compounds. Since then, enantioselective RNs for pheromones have been demonstrated
in other insect species (reviewed by Masson and Mustaparta 1990, Leal 2001).
Obviously, since each enantiomer mediates a particular message to the insect, e.g.
attraction and disruption of attraction, separate RN types have evolved for mediating the
different messages of these signals. For plant odorants, it is less obvious whether the
organism needs enantioselective RNs. One might expect that insects have evolved
different RN types for enantiomers produced by separate enantioselective enzymes
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resulting in the presence of exclusively one or both isomers in various plants. Therefore,
it was interesting to find that heliothine moths have only one RN type among the large
number of germacrene D RNs that respond to both enantiomers but consistently with 10
times higher sensitivity for (-)-germacrene D (Paper I, II). From this, one might assume
that the moths do not need to distinguish well between the two enantiomers, otherwise
two RN types would have evolved. The results on the germacrene D RN type (Paper I)
are the first to show that two pure plant enantiomers activate the same RNs, but with
different stimulatory effect. Another example is given in paper III, where both
enantiomers of linalool elicited “secondary” responses in the geraniol RN type, (R)-(-)-
linalool being more effective than the (S)-(+)-enantiomer. The fact that chiral
recognition of molecules is important in biological activity (Ohloff 1994) stresses the
importance of testing optically pure samples of odorants when studying the molecular
receptive ranges of olfactory RNs. Obviously it is important to use chiral GC-columns
for separating optical isomers, or using synthesised enantiomers of high purity in studies
of molecular receptive ranges of the RNs.
In addition to chirality of the molecules, the structure-activity relationships of
the five RN types (Paper I-III) also demonstrate the importance of other molecular
features of the odorant in stimulating the RNs. The significance of electron dense parts
and the flexibility of the molecules, reflected by the positions of double-bounds as well
as the position and type of the functional groups for activating the RNs, have been
shown in many previous studies (i.a. Priesner 1959, 1977, Kafka 1974, Schneider et al.
1977, Bengtsson et al. 1990, reviewed by Ohloff 1986, Masson and Mustaparta 1990,
Mustaparta 2002). However, since each odorant-receptor interaction is unique, it is
important to determine the molecular features in each case. In future experiments, when
pure compounds of the odorants identified in the present thesis are available, more
detailed quantitative structure-activity relationships (QSAR) of the five RN types can be
determined in more details. This will enable the use of computational methods to point
out the optimal configuration of the molecules that might be important for the
interaction with the receptor proteins.
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Functionally similar receptor neurone types in related species
Detection of the same odorants by closely related species has raised the question of
whether the functional properties of the receptors are similar or different with respect to
specificity. In heliothine moths, the same compounds are used as pheromones and
interspecific signals, but in different compositions (reviewed by Mustaparta 1996,
1997). The previous findings of pheromone RNs with similar specificity was
interesting, but perhaps not surprising considering the significance of the genetical
components in the evolution of pheromone communication and the few compounds
involved as signals. In contrast to this is the vast variation in volatiles released by
plants. Many insect species have evolved polyphagy whereas a few others have evolved
oligophagy. Thus, one might expect diverse functional properties (specificity) of the
RNs detecting plant odours. From this point of view, it was surprising to find that the
identified RNs in the three heliothine species exhibit similar specificities (Paper I-III).
They both detect the same key compound, and show similar sensitivity to the secondary
active compounds of structural similarity. This suggests that the identified compounds
play a significant role in the interaction with the plants. It is particularly interesting that
the one oligophagous species, H. assulta, has evolved the same RN types as the
polyphagous H. virescens and H. armigera. The results suggest that the five RN types
have evolved from a common ancestor and have been unchanged in spite of employing
different host plant ranges.
The conservation of the plant odour RN types in the three heltiothine species is
also unexpected in considering that changes of one or a few amino acids in the sequence
of a protein can result in a different compound produced in plant biosynthesis (Wang
and Pichersky 1999) as well as in an olfactory receptor protein changing the affinity to a
different odorant (Krautwurst et al. 1998). In the evolutionary context, the five RN
types presented in this thesis seem to have the same degree of stability as most of the
pheromone RN types in the heliothine moths (Mustaparta 1996, 1997), suggesting
similar selection pressure for maintaining the gene types. However, different RN
specificity, as found for some RNs detecting interspesific singals, is pointed out to have
evolved as a consequence of other important pheromone compounds used by the species
(Mustaparta 1996, 1997). It will be interesting to find out whether the remaining plant
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odour RN types in the heliothine moths show identical or different specificity. This will
elucidate whether the use of different host plants is reflected in the RN specificity, in the
CNS processing of the plant odour information or if other mechanisms are responsible
for the different host range.
The number of RN types responding to plant odorants
The identification of numerous genes coding for different types of olfactory receptor
proteins in all organisms studied (Mombaerts 1999, Keller and Vosshall 2003),
indicates that a large number of plant odour RN types should also be present in
heliothine moths. Among the RNs recorded so far in heliothine moths, 20 different
types have been identified on the basis of GC-SCR, each type responding to different
compounds. In addition to the five RN types responding to compounds within the
chemical groups of acyclic monoterpenes, monoterpene alcohols, sesquiterpenes and
homo-terpenes (Røstelien et al. 2000a,b, Paper I-III), RN types responding to
compounds of monocyclic monoterpenes, oxygenated bicyclic alcohols, aromatic
hydrocarbons and “green leaf volatiles” are also recorded (Røstelien et al. unpublished
results). More RN types are expected to be found in continued GC-SCR studies of
heliothine moths. This expectation is based on the finding that each RN type projects in
one or a few glomeruli of the antennal lobe. In the fruitfly, 36 RN types project to the
43 glomeruli, each glomeruli receiving information from only one type (Vosshall 2001,
Keller and Vosshall 2003). The number of “ordinary” glomeruli (62) in the antennal
lobe of heliothine moths is assumed to be involved in plant odour information
processing, which indicates a higher number than the 20 plant odour RN types
identified so far (Berg et al. 2002, Skiri et al. unpublished results). In future studies it
will be possible to compare the number of RN types to be identified by GC-SCR and
the number of receptor protein types to be identified in molecular biological studies of
heliothine moths.
The fact that the five RN types presented here constitute 91% of all of the
recorded olfactory neurones responding to plant odours needs to be considered. It may
reflect the relative number of each neurone type present on the antennae, assuming that
all neurones are equally accessible to the electrophysiological recordings. This suggests
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that the five RN types are of particular importance for the heliothine species.
Alternatively, the other neurones may belong to sensilla that are not frequently
penetrated because of the localisation. Although we have never found indications of RN
types with particular localisation, we can not exclude this possibility.
The next question is in which glomeruli the different RN types, project. A
functional organisation of glomeruli has been shown for the MGC in heliothine moths
(Berg et al. 1998, Berg 1998). Since the plant odour RNs are localised in the shorter s.
trichodea type II and s. basiconica, it has not yet been possible to carry out recordings
from cut hairs with the “tip-recordings” technique. Therefore, we explored the
possibility of staining the RNs selectively by applying the stain to the recording site of
the tungsten microelectrode, after making sure that the neurone was penetrated by the
electrode (observed by the rise in spike activity followed by silence). The preliminary
results showing selective stained axons terminating in 4 glomeruli (Paper II and III), are
promising for further studies of the functional organisation of the 62 “ordinary”
glomeruli. Interestingly, optical imaging experiments reveal calcium responses in
corresponding areas of the antennal lobe of H. virescens when stimulating with the
same plant odorants (Skiri et al. 2002, unpublished results). Of particular interest is the
projection of the (-)-germacrene D RNs that is easily obtained in heliothine antennae.
The projections of the RNs in heliothine moths seem to have no branching in more
glomeruli (Paper II and III) in contrast to single primary olfactory axons of the locust
projecting in several glomeruli (Laurent and Naraghi 1994, Anton and Hansson 1996).
Behavioural responses to plant odorants
In the identification of plant odorants that are detected by the oligophagous H. assulta
and the polyphagous H. armigera and H. virescens, the interesting question is which
odorants and mechanisms make these moths select different host plants. If all RN types
are functionally similar, the different behavioural response to the compounds must be
based on different processing of the odour information in the CNS. This is shown for
the insect produced signals in some heliothine species, being detected by functionally
similar RNs, but eliciting different behaviours (Mustaparta 1996, 1997). Alternatively,
the different heliothine moths may have species specific RN types for some plant
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odours, which are not yet identified. In order to resolve these questions, more
behavioural studies are needed. In the present thesis, only behavioural responses to (-)-
germacrene D were examined (Paper IV). Since attraction to plants is thought to be
elicited by blends rather than single compounds, (-)-germacrene D was added to host
plants containing no germacrene D. Dispensers with a low release rate of (-)-
germacrene D placed on the host plant, caused increased attraction and oviposition of
mated H. virescens females to the plant compared with the control plant. Whether the
increased number of eggs laid was an indirect result from the increased attraction or (-)-
germacrene D also had an effect on oviposition was not elucidated. Another interesting
question is whether the related sesquiterpenes activating the (-)-germacrene D RNs
elicit the same behavioural response at higher doses. This would be expected if the
response is only dependent on increased activation in these RNs, and the compounds are
ineffective on other RNs. Of particular interest is to test the behavioural effect of (+)-
germacrene D, for comparing with the response to (-)-germacrene D. In field studies in
Australia, attraction to (-)-germacrene D by H. armigera females is under investigation
(Gregg and Del Socorro, unpublished results).
Among the other plant odorants identified in the present thesis (Paper I-III),
myrcene, Z-β-ocimene and racemic linalool are in previous studies found attractive for
H. armigera females when presented as constituents of synthetic blends (Rembold et al.
1991, Bruce and Cork 2001). We can only speculate about the behavioural role of the
other identified odorants (Paper I-III). Geraniol is a typical floral scent. A plant in the
flowering phase provides the food source, and in the floral and fruit phases the plants
are in the most attractive phases for ovipositing heliothine moths (reviewed by Fitt
1989). The feeding of H. virescens caterpillars is shown to induce certain volatiles in
host plants, which repel conspecific, mated females (De Moraes et al. 2001). Thus, the
odorants activating the three other co-located RN types may elicit avoidance reaction,
since these compounds are induced in several host plants upon attack by feeding larvae
(reviewed by Turlings and Benrey 1998, Paré and Tumlinson 1999, Dicke and Van
Loon 2000).
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Learning of plant odorants
The studies of this thesis have focused on which odorants of host and non-host plants
are detected by the heliothine moths. The extremely sensitive RNs, particularly for the
key stimuli (nanograms for (-)-germacrene D), indicate that the odorants may be
detected at some distance from the plant, making the insect able to decide whether to fly
toward the plant or not. In this situation, one may assume that the quality and the ratio
of the odorants are important for the attraction to the host plant. When arriving on the
plant, the concentration of the odorants might be quite high, and also the odorants with
weak effect might be detected. After landing, taste and mechano-sensation are more
important for the further evaluation of the plant as a host for nutrition or egg-laying
(Ramaswamy 1988, Ramaswamy et al. 1987, Jackson et al. 1984, Li et al. 2001). When
exposed to the relatively high concentration of the whole blend of the flower during
nectar feeding, the insects learn to associate the odour with the nutritional reward,
which is also reflected by increased probability of selecting the same host species after
experience (Firempong and Zalucki 1991, Cunningham et al. 1998a,b). In an ongoing
project, the ability of heliothine moths to learn the plant odorants identified (Paper I-III)
is studied by the use of the PER (Skiri et al., unpublished results). Interesting questions
about olfactory discriminatin can be answerd by these time consuming but rather simple
experiments; do the heliothine moths show different ability of learning plant odorants
used in different contexts, and do they manage to discriminate information about
odorants that are encoded in the same RNs? In our laboratorium, neuronal connections
between the olfactory and taste pathways in H. virescens females are also studied.
Projections in the suboesophageal ganglion of taste RNs on the antennae and proboscis
have been described (Jørgensen 2003, Kvello 2003), and intracellular recordings
combined with stainings have shown one neurone with similar morphology to the VUM
neurone in the honeybee (Rø et al. unpublished results). The results in the present thesis
contribute to these projects on olfactory coding and learning, by providing knowledge
about biologically relevant plant odorants. Altogether the aim is to elucidate the
neuronal mechanisms underlying olfactory coding and olfactory learning involved in
nectar feeding as well as in host plant selection by heliothine moths.
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CONCLUSIONS AND PROSPECTS
The results of this study show that plant odour information in females of the three
heliothine moths H. virescens, H. armigera and H. assulta, is received by narrowly
tuned RNs with non-overlapping molecular receptive ranges. The five RNs described
are all strongly activated by one key odorant and show weaker response to a few related
molecules. The RN types are functionally similar within and between the three
heliothine species. A new staining method is tested which show projections of the RNs
in the antennal lobe. One odorant, being the key stimulus for the major RN type, was
found to be attractive when added to host plants that did not contain this odorant.
The identified biologically relevant odorants provide a basis for further studies of
olfaction in heliothine moths. This knowledge is presently used in studies of olfactory
coding and olfactory learning in addition to behavioural experiments. In future
experiments combining physiology, molecular biology and chemistry, the identified
odorants may be utilised to study the molecular and cellular function of olfactory RNs.
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